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Abstract
Objective: Vitamin D in the brain has been suggested as a potential neuroprotective agent. For vitamin D to 

have the greatest effect, its receptor must be regulated or readily available. Vitamin D3 is a pleiotropic hormone 
but one common neuroprotective pathway studied in our laboratory is glutathione regulation. Our objective was 
to investigate the intrinsic response of the vitamin D receptor under stress conditions, in in vitro preparations, and 
determine whether the neuroprotective effect of vitamin D is linked to the cystine-glutamate exchanger System Xc-.

Methods: In vitro, mouse cortical neural stem cells were cultured and exposed to glutamate, as a model of 
cellular stress, with or without vitamin D supplementation. Western Blot analysis and immunocytochemistry was 
used to demonstrate the protective effect of Vitamin D3.

Main results: The vitamin D receptor was upregulated under stress conditions, and vitamin D supplementation 
was neuroprotective for neural stem cells. Vitamin D3-induced neuroprotection was attenuated by the addition of an 
inhibitor of System Xc-, a protein pivotal in glutathione biosynthesis.

Conclusion: Vitamin D3 causes an increase in glutathione, suggesting that it has a major role in neuroprotection. 
Our results suggest that Vitamin D3-induced neuroprotection is regulated via System Xc- and glutathione biosynthesis. 

Keywords: Neuroprotection; System Xc-; Vitamin D; Vitamin D
receptor

Introduction
Although the relationship between vitamin D3 and calcium is 

understood, recent research suggests that 1,25-dihydroxyvitamin D3 
plays a role in brain development [1]. The vitamin D3 receptor (VDR) 
has been identified in brain and spinal cord neurons of developing 
fetal rats [2,3,4], indicating that vitamin D3 must have some role 
in neurogenesis. Furthermore, vitamin D3 has been found to have a 
neuroprotective effect, as it regulates the production of nerve growth 
factor (NGF) and the expression of other neurotrophins [5]. Studies 
have also shown that VDR transcripts exist in rat oligodendrocytes, 
and VDR-positive cells were present in brain white matter [5]. Vitamin 
D3 increased the amount of transcripts coding for its own receptor, 
VDR, and also for NGF, further confirming a role in neurogenesis and 
protection [5]. 

Vitamin D3 was initially shown to increase NGF [6], but other 
trophic factors are also affected by Vitamin D3, including glial cell line-
derived neurotrophic factor [7] and neurotrophin [8]. These increases 
in neurotrophic factors have been correlated with neuroprotection 
[9,10]. Vitamin D3 has also been shown to modulate intracellular 
calcium and calcium-binding proteins to yield neuroprotection [11]. 
Other mechanisms imply that vitamin D3 has a role in neuroprotection 
by modulating glutathione, as shown by the inhibition of its synthesis 
with buthionine sulfoximine in dopaminergic neurons [12]. 

Glutathione biosynthesis is limited by the rate of cystine uptake. 
Glutathione is used for intracellular redox control and is dependent 
on intracellular cystine concentrations. System Xc- is a cystine-
glutamate exchanger that is coupled to equimolar exchanges of cystine. 
The cystine dimer is imported, where it is then reduced to cysteine 
and conjugated to glutamate and glycine to form glutathione (L- 
γ-glutamyl-L-cysteinylglycine). System Xc- is an important protein 

in glutathione biosynthesis and its current regulation is incompletely 
understood. Here, we examine if vitamin D3 neuroprotection is linked 
to System Xc- activity.

Materials and Methods
All equipment and chemicals used were from BioRad and Sigma 

Chemical Company (St. Louis, MO), respectively, unless otherwise 
stated. 

Cell culture

Neural stem cells (catalog number SCR029) were obtained from 
Chemicon as Cryopreserved Mouse Cortical Neural Stem Cells. Plates 
coated overnight with 1ml of polyornithine (10 mg/ml) and laminin 
(5µg/ml) were washed and either used for cell seeding immediately or 
stored at -80°C until the time of experiment. Neural stem cells were 
cultured and passaged according to the manufacture’s protocol. In 
brief, cells were grown in Neural Stem Cell Expansion Medium and 
supplemented with 20 ng/ml fibroblast growth factor-2, 20 ng/ml 
epidermal growth factor, and 2 g/ml heparin. Cells were passaged 
every 3-5 days, or at 80% confluence, into T25-cm flasks at a 1:3 ratio. 
Differentiation was induced by media without supplemental growth 
factors after passage 3. 
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Glutathione assay
The ApoGSH Glutathione Detection Kit (BioVision-Catalog 

K251-100) was used to measure sample glutathione levels. Using the 
enclosed protocol with this kit, samples were normalized for protein 
concentrations.

Immunocytochemistry 
Primary antibodies for immunocytochemistry included actin 

(MAB1501-Chemicon) and VDR (ab8756-Abcam), and were used at 
1:1000 overnight. Sections were stained by immunofluorescence using 
fluorescein isothiocyanate- (FITC) and cy3-conjugated secondary 
antibodies at 1:1000 for 2 hours. Nonspecific IgG and omission of 
primary antibody were used as controls for the staining specificity. To 
avoid bias, observers estimating immunocytochemistry staining were 
blind to treatment conditions and the same exposure time was used 
for all slides.

Statistical analysis
Statistical analysis was performed using the Student t-test 

comparing all samples to control. Data are presented as mean ± 
standard deviation, with each experiment done in triplicate. Statistical 
significance was set at p ≤ 0.05. Analysis of variance was used to 
determine significance of experiments with multiple conditions.

Results
In several experiments, vitamin D3 has been shown to be 

neuroprotective and to increase VDR expression [13]. Currently, little 
is known about the response of VDR to stress. To understand the 
role of VDR, we used excess glutamate to determine if there was an 
increase in VDR as a function of glutamate concentration. VDR/actin 
protein ratios were normalized to control, as shown in Figure 1. The 
glutamate dose curve was 0, 0.25, 0.5, 0.75, 1, and 3 mM. The significant 
concentrations were 0.75, 1 and 3 mM (all p ≤ 0.001).

The increased VDR expression during stress could suggest that 
there is some protective pathway involved in VDR regulation. Such an 
increase in VDR could be a cellular preparation for increased vitamin 
D. Thus, vitamin D could be involved in protection. The mechanism 
behind cellular protection conferred by Vitamin D3 administration is 
unclear. One plausible mechanism is the production of the antioxidant 
glutathione. To examine this, we added vitamin D to the neural 
stem cells and examined glutathione production. Glutathione levels 
increased at 10 and 100 nM, a 4- and 5.7-fold increase, respectively 
(Figure 2A, p ≤ 0.05). 

One of the pivotal proteins involved in glutathione biosynthesis 
is System Xc-, and its activity is involved in neuroprotection [14]. In 
Figure 2B, Western Blot analysis reveals an increase in System Xc- 

protein levels under stressed conditions at 25, 45 and 65 nM Vitamin D 
compared to control (Figure 3). 

In the presence of toxic concentrations of glutamate at 1 and 10 
nM, vitamin D showed neuroprotective effects, but appeared toxic over 
100 nM (Figure 2A). The neuroprotective effect was attenuated by the 
addition of a potent inhibitor of System Xc-, S4-carboxyphenylglycine, 
at 10 nM, suggesting that vitamin D’s neuroprotective is linked to 
System Xc activity. To further quantitate the results we counted viable 
cells under stressed conditions with the addition of Vitamin D3. 
100nM Vitamin D3 caused a decrease in cell viability correlating with 
the glutathione data seen. The most significant results were seen at 1 
and 10 nM Vitamin D3. Vitamin D3 at 1 and 10nM protected cells 
from cell death but when System Xc activity was inhibited at 1nM the 
protective effect was lost. Using a higher dose of Vitamin D3 at 10nM 

increased cell viability even in the presence of the System Xc inhibitor, 
S-CPG (Figure 4).

Discussion
Vitamin D has been shown to regulate its own receptor [13], but 

little is known concerning the role of VDR in the neuroprotective 
effects of vitamin D. The present paper shows that the receptor responds 
directly to stress in vitro. Some of the neuroprotective properties of 
vitamin D include calcium homeostasis and trophic factor regulation. 
Here we demonstrate that there is a response to glutamate-induced 
stress. Such an increase in VDR could reflect either an association with 
death, or a potential mechanism that could be employed that may help 
the cell survive. Both scenarios are possible, and this may be dependent 
on what concentration of vitamin D is available to the cell.
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Figure 1: Effect of excitotoxicity on VDR. Glutamate concentrations are 0, 
0.25, 0.5, 0.75, 1, and 3 mM. Densitometric quantification of VDR concentration 
(normalized to actin) as listed. *p ≤ 0.05 using the paired Student t-test. 
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Figure 2: A. Relative glutathione levels in neural stem cells. Vitamin D 
concentrations used were 0, 0.01, 0.1, 1, and 10 µM. *p ≤ 0.05 using the paired 
Student t-test. B. Immunoblot of System XC (xCT) under multiple concentrations 
of Vitamin D.
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VDR showed a robust increase in expression with increasing 
concentrations of glutamate. The increase in VDR alone does not 
decrease the amount of cell death. Understanding this point led to 
the assumption that vitamin D supplementation may be needed to 
induce neuroprotection. Vitamin D proved to be neuroprotective 
at low nanomolar concentrations, and potentially toxic at higher 
concentrations. Novel to this paper is that glutathione biosynthesis was 
linked to vitamin D supplementation in neural stem cells. Inhibiting 
System Xc- attenuated the neuroprotective effect of vitamin D, 
suggesting System Xc- regulation as a potential mechanism in vitamin 
D neuroprotection.

Collectively, these data suggest that the increase in VDR during 
stress may be a pathway that could be exploited and used for 
neuroprotection. The role of vitamin D in glutathione biosynthesis 

could prove to be an interesting area of investigation, and more 
importantly, its role in System Xc- regulation opens new avenues of 
neuroprotective research.
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Figure 3: Immunocytochemistry of Neural Stem Cells in the presence of 
glutamate plus or minus Vitamin D3. Tubulin stained using FITC and nuclei 
stained using Hoescht-dye.
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Figure 4: Inhibition of System Xc- on vitamin D-induced neuroprotection. Cell 
viability relative to control. *p ≤ 0.05 in comparison to 3 mM glutamate-treated 
cells using analysis of variance.
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